In radiotherapy treatment of thoracic, breast and chest wall tumors, the heart may be included (partially or fully) in the radiation field. As a result, patients may develop radiation-induced heart disease (RIHD) several years after exposure to radiation. There are few methods available to prevent or reverse RIHD and the biological mechanisms remain poorly understood. In order to further study the effects of radiation on the heart, we developed a model of local heart irradiation in rats using an image-guided small animal conformal radiation therapy device (SACRTD) developed at our institution. First, Monte Carlo based simulations were used to design an appropriate collimator. EBT-2 films were used to measure relative dosimetry, and the absolute dose rate at the isocenter was measured using the AAPM protocol TG-61. The hearts of adult male Sprague-Dawley rats were irradiated with a total dose of 21 Gy. For this purpose, rats were anesthetized with isoflurane and placed in a custom-made vertical rat holder. Each heart was irradiated with a 3-beam technique (one AP field and 2 lateral fields), with each beam delivering 7 Gy. For each field, the heart was visualized with a digital flat panel X-ray imager and placed at the isocenter of the 1.8 cm diameter beam.
Introduction
Radiation-induced heart disease (RIHD) is a long-term side effect of radiotherapy of intrathoracic, breast and chest wall tumors when the whole heart or part of the heart is situated in the radiation field (1-3). The main manifestations of RIHD present several years after radiation therapy and include accelerated atherosclerosis, pericardial and myocardial fibrosis, electrical conduction abnormalities, and injury to the cardiac valves (1, 4) . With improved radiotherapy planning and delivery techniques, cardiac radiation exposure has been greatly reduced; however, recent studies indicate that patients with Hodgkin's disease, lung cancer, esophageal or proximal gastric cancer may still receive a high dose of radiation to part of the heart or a low dose to the whole heart (5) (6) (7) (8) (9) (10) (11) . Similarly, adjuvant tangential radiotherapy, which is the common treatment of breast cancer in most parts of the world and until recently also in the western world, exposes small parts of the heart to doses .20 Gy in a large portion of left-sided breast cancer patients (3, 12) . Moreover, although there are increasing uses of concomitant therapies, the extent to which these therapies enhance the effects of radiation in the heart is not yet known. Hence, RIHD is widely acknowledged as an impediment to quality of life for certain long-term cancer survivors. The pathogenesis of RIHD is largely unknown and, other than certain treatment planning techniques and respiration management during radiotherapy, there is no available pharmacological method to prevent its manifestations. Therefore, pre-clinical studies are required to unravel biological mechanisms of RIHD and to identify potential molecular targets for intervention.
Small animal models of heart irradiation have long been used in pre-clinical studies of radiation-induced cardiomyopathy (12) (13) (14) (15) . Both single doses and fractionated protocols lead to reduced ventricular ejection fraction and restrictive diastolic filling as measured in vivo (16) and reduced cardiac output and increased diastolic stiffness when measured ex vivo (16) (17) (18) . Histopathological changes include myocardial degeneration (myocardial necrosis, accompanied by inflammation) and fibrosis. Because image-guided irradiators have not generally been available for small laboratory animals until recently, animals were usually irradiated either to the whole thorax or with relatively large AP-PA fields to expose the whole heart (19, 20) .
We developed a small animal conformal radiation therapy device (SACRTD) at our institution that can mimic clinical conformal radiotherapy techniques in a pre-clinical setting. The system has onboard high resolution cone beam computerized tomography (CBCT) imaging capabilities and it uses a computer controlled robotic arm having six degrees of freedom to facilitate 3D-conformal radiation therapy delivery with high accuracy and precision. We used the SACRTD to develop a rat model of conformal heart irradiation (21) (22) (23) (24) (25) (26) . In this paper, we discuss the design, dosimetry, irradiation technique and biological evaluation of this rat model of RIHD.
Materials and Methods

The SACRTD System
The SACTRD consists of a 225 kVp X-ray source, a stage mounted on a robotic positioning arm and a digital amorphous silicon flat panel detector (FPD). The X-ray tube (GE Isovolt Titan 225) has focal spot sizes of 0.4 mm/3 mm and is mounted on a custom made "gantry" (26) (27) (28) . Mounted on the tube is a special collimating assembly, consisting of a brass primary collimator with a thickness of 5 cm and a hole of 0.5 cm diameter, and an aluminum secondary collimator (15.5 cm long, 1.9 cm internal diameter). Different field sizes can be achieved by using interchangeable nozzles ( Figure 1 ). Field sizes at isocenter (source to axis distance (SAD) of 32.5 cm) may include circular fields of 0.5 mm and 1 mm in diameter, and rectangular fields of 2 3 2 mm 2 and 4 3 4 mm 2 . The stage is mounted on an Adept S650 robotic arm (Adept Technology, Pleasanton, CA) having six degrees of freedom, which is able to move and position the animal with a repeatability of 60.020 mm in the X, Y, and Z directions (29) . The inset box in Figure 1 shows the setup for cone beam CT imaging. The X-ray source and flat panel detector are aligned and an object to be imaged is immobilized on the "palm" of the robotic arm. The 20.48 cm 2 FPD (1024 3 1024 pixels, Perkin Elmer, Fremont, CA) has a resolution of 200 µm and can acquire radiographic images at a frame rate of 7.5 Hz (30). The detailed technical and hardware information of the system is listed in Table I The small animal conformal radiation therapy device (SACRTD) at UAMS. A custom made collimator that can hold small plug-in collimators (tertiary collimators size down to 0.5 mm in diameter) is attached to the 225 kV X-ray tube, and an Adept Viper robot is used to position the target. The X-ray tube is mounted on a rotating gantry to facilitate digital X-ray imaging and therapy. The inset picture shows the setup for cone beam CT imaging.
The large focal spot is used for therapy, with the system able to deliver up to 2.25 Gy/min at isocenter with the collimator designed for rat heart irradiation, as explained below. High resolution radiographic images are acquired with the small focal spot. In the image acquisition configuration, as shown in the inset box in Figure 1 , the tube gantry is locked in the horizontal position, directing the X-ray beam at the FPD (typical tube voltage between 70-100 kV). The animal to be imaged is immobilized on the stage or "palm" of the robotic arm. Images can be acquired in either continuous mode or stop-and-capture mode. The detector is mounted 23 cm from the radiation/gantry isocenter and 56 cm from the X-ray source, thus producing a 1.7 image magnification factor. If necessary, other source-to-detector configurations are possible. An in-house developed software tool controls the robot motion, the X-ray activation and data acquisition by the imager. The digital planar radiographs can also be acquired over a full 360 o around the specimen and used for CBCT image reconstruction, producing a full 3D image dataset. The reconstruction is done axially, slice-by-slice, using an in-house MATLAB program (Mathworks, Natick, MA, USA), which allows either a full reconstruction or only selected regions of interest to be reconstructed. Figure 2 shows the CBCT reconstructed sagittal, axial and coronal views of the upper section of a rat's body using a custom made vertical rat holder and the SACRTD. Three hundred and sixty planar radiographs were acquired in cone beam mode for one complete rotation of the rat (one radiograph per degree of rotation). The reconstructed image had pixel spacing of 0.18 mm 3 0.18 mm 3 0.18 mm in the X-Y-Z directions. The reconstructed 2D slices are stacked to create a 3D volumetric image that can be used for target localization, positioning and image guidance.
Monte Carlo Simulation and Film Dosimetry
BEAMnrc and DOSXYZnrc Monte Carlo based simulations were performed to characterize the beam collimation of the SACRTD. The simulation included the X-ray tube, a 1.0 mm Be inherent filter, a 0.5 mm thickness Cu filter, and the brass primary and aluminum secondary collimators (31) . A schematic diagram of the collimator design rendered by BEAMnrc in the x-z direction is shown in Figure 3 . The Monte Carlo results were compared to measurements of depth dose distribution using solid water cutouts and Gafchromic EBT-2 film. AAPM protocol TG-61 (32) was used to measure dose in air and solid water phantoms (Certified Therapy Grade Solid Water: Gammex 457-CTG, Gammex Inc., USA) using a pinpoint PTW chamber (Model N30013) calibrated for 225kV.
The Gafchromic EBT-2 film (Lot# A052810-02AB) used for dosimetry was calibrated by irradiating it with known doses delivered by a Varian 21EX clinical linear accelerator (Varian Associates, Inc.). Two different sets of film, 22 pieces each, were placed in solid water (100 SSD, 1.5 cm depth, with 10 cm backscatter) and irradiated with a range of known doses (0-10 Gy) using a 6 MV beam. An ADCLcalibrated farmer type ion chamber (0.6 cc) was used to verify the dose. With the same batch of film, a calibration curve was also drawn by exposing Gafchromic EBT-2 films with the 225 kV X-ray beam at known doses. The measurements showed that the Gafchromic EBT-2 films were energy independent and could effectively be used for measurements of dose in the range of our irradiation experiment (0-10 Gy) using the 225 kV SACRTD (33) (34) (35) . The dose rate with the secondary collimator at the isocenter was also measured using a pin-point ion chamber (PTW N301013, ADCL calibrated for 225 kV) following the AAPM TG-61 protocol (36) . To measure relative depth dose, 11 pieces of Gafchromic EBT-2 film (4 cm 3 4 cm) were placed in between 11 slabs of solid water (10 cm 3 10 cm 3 0.5 cm).
The top of the stack of solid water phantom slabs was placed at isocenter (SAD 5 32.5) and perpendicular to the beam (225 kV, 13 mA), and the films were exposed to 5 Gy at isocenter. The dose profile distribution at 1 cm depth was also measured with these EBT-2 films. Gafchromic EBT-2 films were analyzed following the process outlined in Devic et al. (37) . Before irradiation, films were cut into appropriately sized pieces (usually 4 cm 3 4 cm) and marked for their orientation. Ten pre-irradiation dark scans (scan without any film) and five pre-irradiation film scans were taken on an Epson V700 flat-bed scanner (Epson Perfection Model: V700 Photo). The dark scans were taken in order to subtract background noise and scanner defects. Post-irradiation scans were done in the same manner, approximately 24 hours after the film irradiations, with the films placed in the positions and orientation as the pre-irradiated film scans. In-house software written in MATLAB was used to acquire the net optical density (OD) distributions to calculate the dose delivered to the film (28) .
Animal Holder
A custom-made cylindrical Plexiglas holder (26.6 cm length, 5.71 cm internal diameter, and 3 mm thick, Berg & Son Machine shop, Inc., Little Rock, AR) was designed to hold the rat vertically and allow irradiation of the heart over a full 360 degree rotation ( Figure 4 ). The holder contains two main parts mounted together, the top cylindrical part to hold the rat and the base part to mount it onto the robot palm. In the top 14 cm of the cylindrical part, 2/3 of the Plexiglas was cut away to allow exposure of the heart without interference The holder is mounted on a Plexiglas plate that is attached to the palm of the robotic arm. The rat holder is attached to the base plate by a click and lock mechanism. The nose cone adaptor at the top of the holder has five threaded through holes to hold the nose cone in a fixed position. The front legs of the rat are loosely bound to the adjustable arm-rest. In addition, an elastic band (3 cm wide and 6 cm long) is wrapped around the mid-section of the rat to immobilize the rat in the holder.
of Plexiglas. The remaining 1/3 of the cylinder was used to immobilize the rat. Inhalation anesthesia was used instead of injectable anesthesia, since the latter can reduce tissue oxygenation and affect tissue radiation sensitivity. The nose cone for inhalation anesthesia was held in place by a Plexiglas plate with an oval opening and six threaded thru-holes (M5 screw) mounted on the top of the rat holder. In addition, an adjustable Plexiglas arm-rest (4 cm wide 3 1 cm long) was attached to the top segment of the rat holder with an M5 screw that allowed vertical and horizontal positioning ( Figure 4) . The middle section of the Plexiglas holder was 8.9 cm long and held the mid/lower body of the rat. The bottom section was 3.8 cm long and whenever necessary a small Styrofoam block was placed in this section to adjust the height of the rat being irradiated. The cylindrical animal holder system was attached to a custom-designed circular Plexiglas plate at the base, which was attached to the palm of the robot. The robot was programmed to rotate normal to the X-ray primary beam direction with the rat holder in the vertical position.
Local Heart Irradiation
Before irradiation, the alignment of the primary X-ray beam from the collimator and robot rotation were checked by irradiating a 6 cm 3 6 cm piece of Gafchromic EBT-2 film sandwiched in a Styrofoam block at isocenter. The film was irradiated at different angles (0, 90, 180, and 270 degrees) to confirm robotic rotation with the setup alignment with the primary beam central axis. This position was recorded by the robot and the rat heart was aligned to this position for irradiation.
All animal procedures in this study were approved by the Institutional Animal Care and Use Committee of the University of Arkansas for Medical Sciences. The rats used in the study were adult male Sprague-Dawley rats, with ages ranging from 3 to 5 weeks. The rats were anesthetized with 3% isoflurane and placed in the vertical rat holder. The forearms of the rat were held on the arm-rests with soft elastic bands, and an elastic band was placed around the abdomen of the rat to immobilize the rat in the holder. This setup allowed filming in fluoroscopic mode for positioning of the heart at isocenter. For each field, the heart was first visualized using the FPD (using tube setting 70 kV, 5 mA, ,1 cGy exposure) and was then placed in the center of the 1.8 cm beam. Figure 5 shows the experimental setup for local heart irradiation and the orthogonal radiographs of a rat recorded before irradiation. Once the heart was localized from the radiographs, the collimator assembly was inserted for the heart irradiation procedure. The assembly consisted of a primary collimator and a secondary collimator with no nozzle inset, giving a beam size of 1.8 cm diameter at 1.0 cm depth, with depth at isocenter. This beam size was found to be sufficient to cover the heart of the 3-5 week old rats. The heart was exposed to 3 fields of 7 Gy each (using 225 kVp, 13 mA), using one AP field and 2 lateral fields. For each field, the robot was used to position the rat and align the target. The FPD was covered with ½ inch of lead during the heart irradiation.
Immunohistochemistry
To confirm radiation targeting of the heart, immunohistochemistry was used to show phosphorylated histone 2Ax (g H2Ax), a marker for DNA damage, and nitrotyrosine, a marker for protein nitrosylation caused by radiation-induced nitrosative stress. For this purpose, hearts and lungs were isolated at 2 hours, 6 hours, 24 hours, and 4 days after irradiation with 21 Gy, or sham-irradiation (n 5 5). Tissues were fixed in formalin and embedded in paraffin to obtain 5 µm longitudinal sections that were deparaffinized with xylene and then rehydrated. Antigen-retrieval was performed by incubating the sections in 10 mm sodium citrate solution at 90-958C for 15 minutes. Endogenous peroxidase was blocked with 1% H 2 O 2 in methanol for 30 minutes.
For the g H2Ax staining, non-specific antibody binding was reduced with 10% normal donkey serum (Vector Laboratories, Burlingame, CA) in Tris-buffered saline (TBS) containing 3% dry powdered milk and 0.2% bovine serum albumin (BSA). Sections were then incubated with rabbit anti-g H2Ax (Abcam, Cambridge, MA), 1:100 in TBS for 2 hours at room temperature, followed by Alexa Fluor 594-labeled donkey anti-rabbit IgG (Invitrogen, Carlsbad, CA), 1:400 in TBS for 30 minutes. Sections were mounted in SlowFade ® antifade reagent containing DAPI counterstain (Invitrogen).
For the nitrotyrosine staining, non-specific antibody binding was reduced with 10% normal goat serum in TBS containing 3% dry powdered milk and 0.2% BSA. Sections were incubated with rabbit anti-nitrotyrosine (Millipore, Billerica, MA), 1:200 in TBS overnight at 48C. After incubation with biotinylated goat anti-rabbit IgG (Vector Laboratories), 1:400 in TBS for 30 minutes, sections were incubated with pre-formed avidin-biotin-peroxidase complex (Vector Laboratories) for 45 minutes and visualized with 0.5 mg/ml 3,3-diaminobenzidine tetrahydrochloride (Sigma-Aldrich) and 0.003% H 2 O 2 in TBS. Sections were counterstained with a light hematoxylin staining.
Histology
Histopathological manifestations of RIHD become apparent long after radiation exposure. To determine longterm changes in our rat model, rats were followed for 6 months after local heart irradiation with a single dose of 21 Gy or sham-irradiation (n 5 9). At 6 months, hearts and lungs were isolated, fixed in methanol Carnoy's solution Figure 5 : The experimental setup for local rat heart irradiation is shown in (A). The rat is held vertically in the holder and is rotated with the robot. The heart is irradiated with three orthogonal beams (dashed arrows): Right Lateral (right to left), Left Lateral (left to right), and Anterior-Posterior. (B) Orthogonal radiographs to localize the rat heart. The black circle represents the irradiated target area, and the inset box shows the collimator view of the heart.
(60% methanol, 30% chloroform, 10% acetic acid) and embedded in paraffin. For histopathological analysis, lung sections and longitudinal heart sections of 5 µm were deparaffinized with xylene and rehydrated, followed by a 2 hours incubation in Picrosirius red (American MasterTech, Lodi, CA) supplemented with Fast Green (0.01% w/v, Fisher Scientific, Pittsburgh, PA).
Results and Discussion
Conformal irradiation of the target tissue with minimal exposure of surrounding tissues is one of the key factors in the study of radiobiological mechanisms. This is particularly challenging in pre-clinical studies where the target sizes are often very small. The SACRTD system, as well as other recently developed similar devices (27, (38) (39) (40) (41) (42) , delivers highly conformal dose distributions with high accuracy and precision to small targets within small laboratory animals, thus narrowing the gap between the current clinical sophistications and the traditional relatively crude radiation techniques used for decades in small animal experimentation. Figure 3A shows a dose profile (1cm depth) generated by the SACRTD using the heart collimator. Both Gafchromic EBT-2 film measurements and Monte Carlo calculations are plotted, showing that there was good agreement between the Gafchromic EBT-2 film and Monte Carlo-based results. The Monte Carlo calculation results were normalized to the highest dose point of measured dose rate, applying one factor to all depths. The Monte Carlo simulations, using 4 3 10 9 simulated photon histories, had a statistical uncertainty of less than 2%. The calculation grid size was 0.5 mm 3 0.5 mm 3 1.0 mm. Figure 3B shows depth-dose distribution as measured with Gafchromic EBT-2 film plotted against Monte Carlo-based computed depth-dose distribution. Again, the measurements and the calculations were in good agreement.
Film Dosimetry and Monte Carlo Results
Our primary collimator was made of a brass cylinder with a narrow opening (0.5 cm in diameter, 5 cm thick). The beam size at isocenter was 15 mm with a penumbra of 1.4 mm (at 80%-20% dose fall-off, Figure 3A) , and 18 mm at the target. This beam size was sufficient to cover the heart of the 3-4 week old rats used in our model. In order to be more flexible in irradiating rats with different heart sizes, the robotic setup allows to change SAD, which ultimately changes beam diameter at the robot rotation axis. With Monte Carlo calculations and film measurements we can estimate doses at the new position. In addition, we aim to minimize the penumbra as much as possible with a newly designed brass shielding attachment collimator. Monte Carlo based calculation tools will first be used to design and characterize the beam at different depth.
Method of Local Heart Irradiation
Our previous method for in vivo rat heart irradiation involved parallel opposed fields (AP, PA 1:1). For this purpose, rats were placed in a Plexiglas jig with lead shielding plates. A circular hole in the lead plates provided a 19 mm field for exposure of the heart (19) . The previous method assumed the same anatomy for rats of the same size. The new method described in this article has several advantages. In an attempt to reduce radiation dose to surrounding normal tissues, especially the spinal cord, the heart was irradiated using three beams at 908 angles from each other, whereby the spine was in the path of one of the three X-ray beams only. By reducing the dose to the spinal cord, the chance of paralysis was reduced at later time points after irradiation, thus minimizing potential confounding effects. The three-beam technique was facilitated by radiographic localization with the use of the built-in X-ray imager and accurate and precise positioning of the rat with the use of the robotic arm. Imaging was performed with low X-ray energy, and the radiation imaging doses were ,1 cGy. Although not shown here, targets of different sizes can be accommodated with different collimators giving different field sizes. This method will also be appropriate for studies in which only certain anatomical parts of the heart need to be irradiated. The total amount of time for animal preparation, setup and irradiation with the current method is close to the total time that was required for our previous AP-PA local heart irradiation method.
Immunohistochemical Confirmation of Heart Exposure
Long-term myocardial injury and cardiac functional changes have been observed in rats exposed to [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Gy to the heart (13) (14) (15) (16) (17) (18) 43) . We therefore chose a single dose of 21 Gy for biological verification of cardiac exposure in our rat model of heart irradiation. Hearts and lungs were isolated at time points from 2 hours to 4 days after irradiation to perform immunohistochemical analysis of γH2Ax, a marker for DNA damage caused by radiation-induced oxidative stress, and nitrotyrosine, a marker for protein nitrosylation caused by nitrosative stress. Figure 6 shows representative immunofluorescence stainings of γH 2 Ax with DAPI counterstain of nuclei. The γH2Ax foci were observed only in irradiated hearts, indicating the presence of radiation-induced DNA double strand breaks. The γH2Ax foci were most prominent at 2 hours after irradiation, which is in agreement with the known DNA repair that occurs immediately after exposure to ionizing radiation. As expected, only a few γH2Ax foci were observed in the lungs (data not shown), confirming that exposure of the lungs was significantly less than exposure of the heart. Figure 6C and D show immunohistochemical stainings of nitrotyrosine. Nitrotyrosine staining was observed evenly distributed in irradiated hearts, indicating nitrosative stress as a result of uniform radiation exposure. Minimal nitrotyrosine staining was observed in the lung samples, indicating that exposure of the lungs were below the detection limit of our immunohistochemical analysis.
Histopathological Analysis of Cardiac Radiation Injury
Rats were followed for 6 months after local heart irradiation with a single dose of 21 Gy. At 6 months, all irradiated hearts showed myocardial degeneration and fibrosis, which are typical long-term histopathological manifestations of cardiac radiation injury (Figure 7 ). Although about 10% of the lungs showed macroscopic evidence of radiation exposure (small white spots on the lung surface), no histopathological evidence of damage was found (data not shown). These results show that our method of image-guided local heart irradiation in the rat is an appropriate pre-clinical model of RIHD. In conclusion, we here present a method of local heart irradiation in rats that uses a small animal conformal radiation platform developed at our institution to allow image-guided irradiation of the heart from multiple angles.
